During intrathymic T cell development, signaling via the receptor Notch1 maintains cell survival and promotes commitment to the T cell lineage as CD44 + CD25 − cells that are at CD4 − CD8 − doublenegative stage 1 (DN1) differentiate into CD44 + CD25 + DN2 cells and CD44 lo CD25 + DN3a cells 1 . Mice lacking the gene encoding interleukin 7 (IL-7) or its receptor (IL-7R) have very few DN2 and DN3 cells, in part because these cells depend on IL-7 signaling to induce expression of Bcl2, which encodes a pro-survival molecule (Bcl-2) 2 . Indeed, transgenic expression of human BCL2 (refs. 3,4) or deletion of Bax or Bim, which encode pro-apoptotic molecules 5, 6 , substantially restores both the DN2-DN3 and mature CD4 + CD8 − or CD4 − CD8 + single-positive (SP) compartments in mice deficient in the α-chain of IL-7R (Il7r −/− ) or the common γ-chain (Il2rg −/− ). Thus, IL-7 induces Bcl-2-mediated survival of DN2-DN3a progenitor cells committed to the T cell lineage as they become quiescent and rearrange gene segments in loci encoding the T cell antigen receptor (TCR) γ-chain (Tcrg), δ-chain (Tcrd) and β-chain (Tcrb). The subsequent proliferation and differentiation of progenitors of αβ T cells requires successful Tcrb rearrangement and expression of intracellular TCRβ (icTCRβ) protein to form the pre-TCR signaling complex and initiate β-selection. Although IL-7R expression persists through the early stages of β-selection, the importance of IL-7 signaling in this process has not been resolved.
During intrathymic T cell development, signaling via the receptor Notch1 maintains cell survival and promotes commitment to the T cell lineage as CD44 + CD25 − cells that are at CD4 − CD8 − doublenegative stage 1 (DN1) differentiate into CD44 + CD25 + DN2 cells and CD44 lo CD25 + DN3a cells 1 . Mice lacking the gene encoding interleukin 7 (IL-7) or its receptor (IL-7R) have very few DN2 and DN3 cells, in part because these cells depend on IL-7 signaling to induce expression of Bcl2, which encodes a pro-survival molecule (Bcl-2) 2 . Indeed, transgenic expression of human BCL2 (refs. 3,4) or deletion of Bax or Bim, which encode pro-apoptotic molecules 5, 6 , substantially restores both the DN2-DN3 and mature CD4 + CD8 − or CD4 − CD8 + single-positive (SP) compartments in mice deficient in the α-chain of IL-7R (Il7r −/− ) or the common γ-chain (Il2rg −/− ). Thus, IL-7 induces Bcl-2-mediated survival of DN2-DN3a progenitor cells committed to the T cell lineage as they become quiescent and rearrange gene segments in loci encoding the T cell antigen receptor (TCR) γ-chain (Tcrg), δ-chain (Tcrd) and β-chain (Tcrb). The subsequent proliferation and differentiation of progenitors of αβ T cells requires successful Tcrb rearrangement and expression of intracellular TCRβ (icTCRβ) protein to form the pre-TCR signaling complex and initiate β-selection. Although IL-7R expression persists through the early stages of β-selection, the importance of IL-7 signaling in this process has not been resolved.
Signaling via the pre-TCR and signaling via Notch1 act together to initiate β-selection 7 by inducing quiescent DN3a cells to downregulate expression of genes encoding components of the RAG recombinase (Rag1 and Rag2) and become large cycling DN3b cells that upregulate genes encoding the transferrin receptor CD71 (Tfrc) and other trophic receptors 8 . These changes induced by the pre-TCR and Notch1 promote rapid self-renewal of DN3b cells as they lose expression of the T cell-activation marker and cytokine receptor CD25 (IL-2Rα) and differentiate sequentially into cycling DN4 cells, CD4 − CD8 + immature single-positive (ISP) cells and early CD4 + CD8 + double-positive (eDP) blast cells, which then cease proliferating and become quiescent late DP (lDP) cells. However, it is unclear whether signaling via the pre-TCR and Notch1 is sufficient to maintain trophic responses, proliferation and differentiation during β-selection in vivo.
Expression of Rag1 and Rag2 decreases precipitously after the DN3a stage, so efficient rearrangement of Tcra requires re-expression of Rag1 and Rag2 in DP thymocytes 9 . Recombination of Tcra normally initiates in eDP cells through the use of the farthest 3′ gene segments encoding the α-chain variable region (V α ) and furthest 5′ gene segments encoding the α-chain joining region (J α ). If DP thymocytes fail to be positively selected after primary rearrangement of Tcra, secondary rearrangements occur that use progressively more distal gene segments encoding V α (5′ end) and J α (3′ end), but only in non-cycling lDP cells 10 . The enhancer of Tcra (E α ), located 3′ of the array encoding J α , modifies chromatin at the Tcra locus to make the 3′ gene segments encoding V α and 5′ gene segments encoding J α accessible to the RAG recombinase, which facilitated the synapsis and recombination of these segments 11 . Although Tcra rearrangement is restricted to DP thymocytes, E α may be activated as early as the DN4 stage by transcription factors induced by signaling via the A r t i c l e s pre-TCR 12 . During the pro-B cell-to-pre-B cell transition induced by the pre-B cell antigen receptor (pre-BCR), IL-7 induces proliferation and represses rearrangement of the locus encoding the immunoglobulin κ-chain complex by an epigenetic mechanism dependent on the transcription factor STAT5 (refs. 13, 14) . STAT5 also represses expression of the gene encoding Bcl-6 to prevent apoptosis induced by the tumor suppressor p53 during recombination of the locus encoding the immunoglobulin light chain in pre-B cells 15, 16 . Bcl-6 is best known as a transcriptional repressor with critical functions in germinal center responses and as a potent B cell oncoprotein 17 . Notably, thymocytes substantially upregulate Bcl6 as proliferation ceases during the DN3-DP transition (as reported by the Immunological Genome Project), but the regulation and functions of Bcl-6 during T cell development have not been defined.
There are conflicting reports on the role of IL-7 signaling in β-selection. IL-7R expression is not lost until the ISP stage 18 , but DN4 thymocytes have been reported to be unresponsive to IL-7 (ref. 19) . Studies using antibodies to block IL-7 signaling in vitro have concluded that IL-7 signaling is dispensable for the β-selection of DN3 cells 20 . In contrast, another study has reported, through the use of a similar approach, that IL-7 signaling is required for the survival of DN4 cells but not their proliferation 21 . Other studies in which IL-7 signaling was artificially augmented in vitro have concluded that IL-7 signaling actively inhibits β-selection, in part by impairing expression of the transcription factor-encoding genes Tcf7, Lef1 and Rorc 18 . Therefore, in vitro studies have reached conflicting conclusions on the importance of IL-7 signaling during β-selection.
Here we found that early post-β-selection DN3b and DN4 thymocytes responded to IL-7 in vitro and in vivo. IL-7 signaling rapidly induced many genes encoding molecules involved in protein translation, cell growth and metabolism and also repressed Bcl6. Accordingly, we found that IL-7 was needed in vivo for robust clonal expansion, to enforce the canonical DN3b-DN4-ISP-DP differentiation sequence and to prevent premature rearrangement of Tcra in DN thymocytes. Thus, we have identified a previously unknown role for IL-7 signaling during β-selection that includes repression of Bcl6 to allow selfrenewal of DN4 cells. In contrast to the functions of IL-7 at earlier and later stages of T cell development, the functions of IL-7 during β-selection could not be recapitulated by Bcl-2.
RESULTS

IL-7 signaling in post-b-selection DN thymocytes
We first compared the expression and function of IL-7R in DN thymocytes before and after β-selection. In contrast to published studies 19 , we used icTCRβ to positively identify β-selected cells in the heterogeneous DN3 and DN4 subsets (Supplementary Fig. 1 ). As expected, pre-selection icTCRβ − DN3a cells were IL-7R hi and robustly phosphorylated STAT5 after stimulation with IL-7 in vitro (Fig. 1a) . Postselection DN3b and DN4 cells also expressed IL-7R, and stimulation with IL-7 induced phosphorylation of STAT5 (Fig. 1a) . The amounts of IL-7R and IL-7-induced phosphorylation of STAT5 were highest in DN3b cells and lowest in DN4 cells (Fig. 1a) . Nonetheless, stimulation with IL-7 increased the survival of DN3a, DN3b and DN4 cells to a similar extent (Fig. 1a) . Thus, pre-selection DN3a thymocytes and post-selection DN3b-DN4 thymocytes were similarly responsive to IL-7-mediated survival signaling in vitro. Notably, fresh ex vivo DN3b and DN4 Il7r +/+ thymocytes had considerably larger amounts of phosphorylated STAT5 and more mouse Bcl-2 than did those from Il7r −/− mice (Fig. 1b) , which indicated that they responded to physiological levels of IL-7 produced intrathymically.
To determine if human Bcl-2 was able restore both the pre-β-selection compartment and post-β-selection compartments in IL-7R-deficient mice, we generated and in all cells in subsequent stages (Fig. 2a) . Although the number of DN3a cells was 30-fold higher in Il7r −/− mice expressing human Bcl-2 than in Il7r −/− mice, the number of cells in the DN3b, DN4 and DP compartments was not different in Il7r −/− mice expressing human Bcl-2 versus Il7r −/− mice (Fig. 2b) . However, human Bcl-2 significantly increased the number of CD4 + and CD8 + SP thymocytes by sevenfold and tenfold, respectively (Fig. 2b) . These findings identified a function for IL-7 signaling during β-selection in vivo that, in contrast to its function in earlier and later stages of T cell development, could not be recapitulated by Bcl-2.
Transcriptional responses to IL-7
The failure of human Bcl-2 to restore post-β-selection DN or DP thymocyte compartments in Il7r −/− mice suggested that IL-7 activates other pathways critical for β-selection in vivo. Therefore, we used gene-expression profiling to globally identify pathways rapidly regulated by IL-7 in DN3a, DN3b and DN4 cells. After 3 h of stimulation with IL-7, all three cell subsets showed robust induction of genes that are direct targets of the kinase Jak and STAT transcription factors (Fig. 3) . This group included Bcl2 and Cish, Socs2 and Socs3, which encode feedback regulators of Jak-STAT signaling, as well as Pim1 (which encodes the cell-survival mediator PIM1), Tfrc (which encodes CD71) and Ccnd2 (which encodes the cell-cycle regulator CCND2). Thus, in addition to inducing genes encoding molecules involved in cell survival, IL-7 rapidly regulated the expression of genes encoding trophic receptors and cell-cycle regulators in pre-and post-β-selection DN thymocytes. The response to stimulation with IL-7 was robust and complex in all three cell subsets (DN3a, DN3b and DN4), although the number of transcripts whose expression was significantly altered by IL-7 decreased substantially as DN3a cells matured into DN3b and DN4 cells (Supplementary Fig. 2a) . Stimulation with Il-7 rapidly altered the expression of a large number of genes encoding molecules involved in signaling, translation, metabolism and cell growth ( Supplementary Fig. 2b ,c and Supplementary Tables 1 and 2) . The nutrient transporter-encoding gene most potently induced was Slc7a5 ( Supplementary Fig. 2c ); this encodes a transporter of large, neutral amino acids required for metabolic reprogramming during the activation and effector differentiation of T cells 22 . The signaling group included several genes encoding GTP-binding proteins, those encoding the GTPase Ras and mitogen-activated protein kinases, and those encoding the kinase PI(3)K and cell cycle regulator mTOR, as well as those encoding signaling receptors (Fig. 3) . Finally, IL-7 increased the expression of genes encoding transcriptional regulators, most 
Figure 2 Human Bcl-2 fails to compensate for loss of IL-7 signaling during β-selection. (a) Flow cytometry of DN2, DN3 and DN4 thymocytes (gating, Supplementary Fig. 1a ,c), as well as DP, CD4 + and CD8 + thymocyte subsets, from Il7r −/− mice expressing a transgene encoding human Bcl-2, stained with antibody to human Bcl-2 (hBcl-2) and plotted with the fluorescence-minus-one background control (numbers in plots as in Fig. 1 ).
(b) Quantification of cells in each thymocyte subset (as in a) for Il7r +/+ mice (n = 4) and Il7r −/− mice (n = 9) without expression of the human Bcl-2 transgene (BCL2 -) and Il7r −/− mice expressing the transgene (BCL2 +) (n = 9). *P < 0.0001 (Student's t-test). Data are representative of three independent experiments with similar results (a) or are pooled from three independent experiments (b; mean and s.d.) A r t i c l e s notably Bhlhe40 (Fig. 3) , whose product is of unknown importance in T cell development. Although the magnitude and significance of IL-7-induced transcriptional changes were generally more robust in pre-selection DN3a cells than in DN3b or DN4 cells, some genes in each category were induced more in post-β-selection DN cells than in DN3a cells ( Fig. 3) , which suggested regulation cooperation with pre-TCR signaling.
IL-7 promotes growth and proliferation of DN4 cells
Since IL-7 significantly increased the expression of many genes encoding molecules that regulate metabolism, signaling and growth, we evaluated the effect of IL-7R deficiency on cell size, a reflection of cellular metabolism and proliferation during β-selection. Although the size of Il7r +/+ DN3b cells was similar to that of Il7r −/− DN3b cells, Il7r −/− DN4 cells were much smaller than their Il7r +/+ counterparts ( Fig. 4a) , which suggested loss of trophic signaling. Furthermore, IL-7 deficiency significantly impaired uptake of the thymidine analog BrdU by Il7r −/− DN4 cells but not its uptake by DN3b cells (Fig. 4b) .
Overexpression of BCL2 did not prevent the atrophy of or restore the proliferation of Il7r −/− DN4 cells (Fig. 4a,b) , which suggested that IL-7 signaling was needed to maintain the trophic responses and proliferation of DN4 thymocytes in vivo rather than simply to maintain Bcl-2-dependent survival. DN3b and DN4 cells self-renew extensively in a pre-TCR-dependent fashion when cultured with OP9 stromal cells expressing Delta-like Notch ligands and with IL-7, and upregulation of the expression of trophic receptors such as CD71 and CD98 (a transporter of neutral amino acids) shows Notch dependence in such assays 8, 23 . Because Notch signaling can regulate IL-7R expression in some contexts 24, 25 , the effects of Notch on trophic receptors could be mediated by IL-7. We therefore assessed the requirement for IL-7 signaling in inducing the expression of CD71 and CD98 during β-selection in vivo. As expected, Il7r +/+ DN3b and DN4 cells were CD71 hi CD98 hi (Fig. 4c) . In contrast, Il7r −/− DN4 cells lacked those trophic receptors, as well as the costimulatory receptors CD27 and CD28 and the cell surface marker CD24, although DN3b cells expressed normal amounts of these markers (data not shown). Once again, human Bcl-2 did not restore the expression of CD71 and CD98 in Il7r −/− DN4 cells (Fig. 4c) . Although IL-7 increased CD71 expression in stromal cell-free cultures, it did not stimulate the proliferation of DN4 cells (Fig. 4d) , which demonstrated that IL-7 signaling was unable to promote the self-renewal of DN4 cells without activation of Notch. Furthermore, Notch-induced proliferation of DN4 cells was dependent on IL-7 (Fig. 4e) . Collectively, these experiments demonstrated that IL-7 signaling maintained the expression of nutrient receptors in DN4 cells and that Notch and IL-7 acted together to promote the self-renewal of DN4 cells.
IL-7 enforces the canonical DN3b-DN4-ISP sequence DN4 cells are also referred to as 'pre-DP' cells because they rapidly generate DP progeny when cultured without stroma or cytokines 26 . npg Therefore, we evaluated the differentiation potential and kinetics of Il7 +/+ and Il7 −/− DN3b and DN4 cells in stroma-free cultures with and without exogenous IL-7. Unexpectedly, after 15 h of culture without IL-7, Il7 −/− DN3b cells generated significantly more DP progeny than did Il7 +/+ DN3b cells (Fig. 5a) . However, both the DN progeny and ISP progeny of Il7 −/− DN3b cells retained CD25 expression (Supplementary Fig. 3a) , which suggested that the mutant DN3b cells generated ISP cells without obviously passing through the CD25 − DN4 stage. Il7 −/− DN4 cells also generated significantly more DP progeny after 15 h than Il7 +/+ DN4 cells did (Fig. 5b) , which demonstrated that they had enhanced capacity to develop into DP cells. Strikingly, most Il7 −/− DN4 cells became DP within 5 h and seemed to not pass through the ISP stage, whereas Il7 +/+ DN4 cells generated only ISP cells during this time (Fig. 5c) . The addition of IL-7 to DN3b cells also increased the frequency of ISP cells at the expense of the generation of DP cells, but this effect of IL-7 was significant only for Il7 −/− DN3b cells (P < 0.001; Supplementary Fig. 3b ). IL-7 also increased the frequency of ISP cells in cultures of Il7 +/+ DN4 cells but not in cultures of Il7 −/− DN4 cells ( Fig. 5b and Supplementary  Fig. 3b ), which indicated that Il7 −/− DN4 cells, in contrast to Il7 +/+ DN4 cells, were insensitive to IL-7. Collectively, these experiments suggested that Il7 −/− DN3b cells generated ISP and DP progeny without obviously passing through the DN4 stage, whereas Il7 −/− DN4 cells rapidly generated DP progeny without obviously passing through the ISP stage.
Deletion of Bcl6 improves the self-renewal of DN4 cells
We noted that Bcl6 was the gene most significantly downregulated after treatment of DN3a, DN3b and DN4 cells with IL-7, with falsediscovery rate (FDR)-adjusted q values of 1 × 10 −18 , 4.2 × 10 −20 and 2 × 10 −12 , respectively ( Fig. 6a and Supplementary Table 2) . Furthermore, DN3b and DN4 cells from Il7 −/− mice expressed significantly more Bcl6 mRNA than did their Il7 +/+ counterparts (Fig. 6a) , which suggested loss of IL-7-mediated repression. Notably, thymocytes substantially upregulate Bcl6 expression as proliferation ceases during the DN3-to-DP transition (as reported by the Immunological Genome Project), but the functions of Bcl-6 in T cell development
have not yet been identified. Therefore, we investigated whether IL-7-induced repression of Bcl6 in DN4 cells was important for differentiation and self-renewal during β-selection. Because Bcl6 −/− mice develop a lethal inflammatory disease 27,28 , we generated DN4 thymocytes by culturing Bcl6 +/+ or Bcl6 −/− fetal liver hematopoietic progenitor cells together with OP9 stromal cells expressing Delta-like ligand 4 (OP9-DL4 cells). We found that Bcl6 +/+ and Bcl6 −/− DN4 cells sorted from these co-cultures generated a similar frequency of ISP and DP cells after culture with or without IL-7 (Fig. 6b) , which suggested that Bcl-6 did not obviously regulate differentiation during β-selection. However, Bcl6 deficiency increased the recovery of DN4 cells in the absence of IL-7 compared with the recovery for wild-type cells cultured without IL-7 (Fig. 6c) , compared with the recovery for wildtype cells cultured without IL-7 which suggested that repression of Bcl6 was a major mechanism by which IL-7 induced the self-renewal of DN4 cells. Nonetheless, the addition of IL-7 further augmented the proliferation of Bcl6 −/− DN4 cells (Fig. 6c) , which suggested that deletion of Bcl6 did not fully recapitulate the proliferation-inducing functions of IL-7.
Effect of IL-7 on ISP thymocytes
We also investigated the generation of ISP cells in the absence of IL-7 signaling in vivo. The number of ISP cells (defined as in Supplementary Fig. 4a ) was 100-fold lower in Il7r −/− mice than in Il7r +/+ mice (Fig. 7a) , in keeping with the diminished pools of all earlier progenitor cells (Fig. 2b) . However, in contrast to Il7r −/− DN4 cells, Il7r −/− ISP cells were large CD71 hi CD98 hi cells, similar to wildtype ISP cells (Supplementary Fig. 4b ). Expression of CD71 and CD98 in eDP and lDP cells also persisted in the absence of IL-7 signaling (Supplementary Fig. 4c ). Il7 +/+ and Il7 −/− ISP cells generated DP progeny in vitro with similar kinetics (Fig. 7b) , which suggested that IL-7 deficiency did not affect the ISP-to-DP transition. Thus, although loss of IL-7 signaling impaired the trophic responses of DN4 cells and accelerated their differentiation, it did not affect these functions in ISP or DP cells. Nonetheless, Il7r −/− ISP cells generated in vivo (Fig. 7a) and in vitro (Supplementary Fig. 3a ) did express CD25 (normally 
npg
A r t i c l e s not expressed by these cells), which suggested that in the absence of IL-7 signaling, most ISP cells seemed to arise directly from CD25 + DN3b cells rather than from CD25 − DN4 cells. To directly evaluate the DN3b-to-DP transition in vivo, we monitored the differentiation of proliferating cells in Il7r −/− and Il7r +/+ mice at various times after injection of BrdU. As expected, DN3a cells from both genotypes of mice were quiescent (mostly BrdU − ) 2 h after injection of BrdU but accumulated the label from proliferating precursor cells over the next 24-48 h (Fig. 7c) . Thus, the absence of intrathymic IL-7 signaling did not affect the generation of DN3a cells from proliferating precursor cells but greatly decreased the survival of DN3a cells (Fig. 2) . In contrast to quiescent DN3a cells, 65-75% of wild-type DN3b, DN4 and ISP cells were BrdU + after 2 h (Fig. 7d) , which confirmed that each subset was rapidly cycling. The frequency of labeled DN3b cells decreased after 24 h (Fig. 7d) , consistent with derivation from quiescent DN3a precursor cells, whereas DN4 cells and ISP cells had substantial labeling (Fig. 7d) , consistent with their derivation from cycling DN3b precursor cells and DN4 precursor cells, respectively. As shown above (Fig. 4) , only ~10% of Il7r −/− DN4 cells were BrdU + 2 h after injection (Fig. 7d) . However, 70-90% of Il7r −/− DN3b cells were BrdU + (Fig. 7d) , which suggested that most DN4 cells were derived from quiescent DN3a cells rather than from cycling DN3b cells in Il7r mutant mice. Indeed, BrdU accumulated in Il7r −/− DN4 cells slowly over the next 2 d, similar to its accumulation in both Il7r +/+ DN3a cells and Il7r −/− DN3a cells (Fig. 7d) . npg had undergone considerable labeling after 24 h (Fig. 7d) , which suggested that they were not derived from quiescent DN4 cells but instead were derived directly from cycling DN3b cells.
Effect of IL-7 on Tcra recombination
Primary recombination of the gene encoding TCRα involving 3′ gene segments encoding V α and 5′ gene segments encoding J α normally initiates in eDP cells as they become quiescent lDP cells, with secondary recombination events that use more distal gene segments occurring exclusively in non-cycling lDP cells 10, 29 . Since DN4 cells generated in the absence of IL-7 were abnormally quiescent, we investigated whether they had undergone premature Tcra recombination. We sorted DN4, ISP, eDP and lDP thymocytes from Il7 −/− and Il7 +/+ mice and used quantitative PCR to quantify primary rearrangements of Tcra involving 3′ segments encoding V α 17 and 5′ segments encoding J α 61 and J α 56, as well as secondary rearrangements involving more 5′ segments encoding V α 12 and 3′ segments encoding J α 42, J α 30 and J α 17.
As expected, we detected very small amounts of primary and secondary rearrangements of Tcra in cycling Il7 +/+ DN4, ISP and CD71 + CD98 + eDP cells, whereas we detected large amounts of both primary and secondary rearrangements in post-mitotic CD71 − CD98 − lDP cells of each genotype (Fig. 8a,b) . In contrast, Il7 −/− DN4 cells had abundant primary and secondary rearrangements that were similar in frequency to those found in Il7 +/+ lDP cells (Fig. 8a,b) . Thus, abnormally quiescent DN4 cells from IL-7-deficient mice underwent premature and extensive recombination of Tcra. Nonetheless, Il7 −/− ISP and eDP cells had very small amounts of both primary rearrangements and secondary rearrangements of Tcra, similar to the amounts seen in Il7 +/+ ISP and eDP cells (Fig. 8a,b) . Furthermore, we did not detect Tcra rearrangements in Il7 −/− DN3b cells (data not shown). The contrast between quiescent DN4 cells and cycling ISP and eDP cells from Il7 −/− mice in their Tcra-rearrangement status provided further evidence that the DN4 cells were not precursors of ISP and eDP cells in these mutant mice.
The extensive rearrangement of Tcra in Il7 −/− DN4 cells suggested that they prematurely upregulated their expression of Rag1 and Rag2.
However, our gene-expression-profiling experiments showed that treatment for 3 h with IL-7 did not rapidly decrease the expression of Rag1 and Rag2 in DN3b or DN4 thymocytes, in contrast to the expression of direct targets of STAT5, such as Cish (Fig. 8c) and Bcl6 (Fig. 6a) . Thus, Rag1 and Rag2 did not seem to be direct transcriptional targets of IL-7 in DN thymocytes. Nonetheless, the abundance of Rag1 and Rag2 mRNA was significantly higher in DN4 cells isolated from Il7 −/− mice than in those from Il7 +/+ mice (Fig. 8d) , which probably reflected the accelerated differentiation of these cells in the absence of IL-7. Notably, RAG-2 undergoes proteolysis mediated by cyclin A and its associated kinase CDK2 during S phase of the cell cycle to minimize the oncogenic potential of RAG-induced DNA breaks in cycling cells 30 . Since IL-7-deficient DN4 cells were abnormally quiescent, we also evaluated the abundance of RAG-2 by immunoblot analysis. As expected, RAG-2 expression was low in cycling DN3b and eDP cells but was high in quiescent lDP cells in both Il7 +/+ mice and Il7 −/− mice (Fig. 8e) . In contrast, RAG-2 was barely detectable in cycling DN4 cells from Il7 +/+ mice but was readily detectable in quiescent DN4 cells from Il7 −/− mice, even though the low abundance of DN4 cells in Il7 −/− mice necessitated underloading of this lane (Fig. 8e) . Notably, RAG-2 expression was not elevated in cycling DN3b cells from Il7 −/− mice (Fig. 8e) , which suggested that loss of IL-7 signaling was not sufficient to increase RAG-2 in cycling cells. Collectively, these data suggested that IL-7 deficiency promoted premature re-expression of Rag1 and Rag2 and rearrangement of Tcra by preventing cycling and accelerating the differentiation of DN4 cells (Supplementary Fig. 5 ).
DISCUSSION
Our study has demonstrated that the absence of intrathymic IL-7 signaling caused several abnormalities during β-selection that were not ameliorated by transgenic expression of BCL2. During β-selection in wild-type mice, the canonical differentiation sequence is linear: DN3a-DN3b-DN4-ISP-eDP-lDP. In contrast, we have provided in vitro and in vivo evidence that DP cells arose via two abnormal pathways in IL-7-mutant mice. In one pathway, DN3a cells generated and DN4 cells may delay some aspects of differentiation during the DN3b-to-DP transition. Collectively these findings demonstrate that IL-7 signaling is needed to maintain the self-renewal of DN4 cells, to enforce the canonical DN3a-DN3b-DN4-ISP-DP differentiation sequence and to delay Tcra rearrangement until after proliferation ceases during thymocyte β-selection.
In agreement with a published study 21 , we found that IL-7R expression was higher in DN3b cells that had received signaling via the pre-TCR than in DN3a cells. However, in contrast to studies examining total DN3 and DN4 cells 19 , we found that IL-7 robustly induced the phosphorylation of STAT5 and significantly increased the abundance of Bcl2 mRNA in icTCRβ + DN3b and DN4 thymocytes in vitro. Furthermore, we showed that IL-7 induced the phosphorylation of STAT5 and maintained the levels of mouse Bcl-2 protein in DN3b and DN4 cells in vivo. Although a published study concluded that IL-7 is needed to maintain the survival but not the proliferation of fetal DN4 thymocytes 21 , we found that overexpression of human Bcl-2 in Il7 −/− mice did not restore DN3b, CD4, CD8 ISP or DP cells, despite its significant restoration of the DN3a and CD4 + or CD8 + SP subsets. While we cannot rule out the possibility that IL-7 functions differ in fetal DN4 cells versus adult DN4 cells, our findings demonstrated that in addition to signaling via the pre-TCR and Notch1, IL-7 signaling was maintained during β-selection in vivo and had functions that could not be recapitulated by Bcl-2.
Our study suggested that IL-7 signaling was needed to prevent the atrophy of DN4 cells and maintain their proliferation in vivo. Furthermore, IL-7 greatly enhanced the Notch-dependent self-renewal of DN4 cells in vitro. We identified several mechanisms underlying the trophic and pro-proliferative functions of IL-7 during β-selection. First, IL-7 maintained expression of the nutrient receptors CD71 and CD98 in DN4 thymocytes, which has been reported as being Notch dependent in vitro 8, 23 . However, Notch activity sustains IL-7R expression in some contexts 24, 25 , so the effect of Notch on the expression of CD71 and CD98 might have been indirect. Indeed, treatment with IL-7 alone increased the expression of Cd71 mRNA and CD71 protein in DN4 thymocytes but was not sufficient to induce the proliferation of DN4 cells in the absence of Notch activity. Therefore, our data suggested that IL-7 acted together with Notch1 to maintain the expression of nutrient receptors in and proliferation of DN4 thymocytes. Second, IL-7 induced the expression of genes encoding an unexpectedly complex array of cell-growth regulators in DN thymocytes, including metabolic enzymes, translational regulators and nutrient transporters. Most genes were more potently induced in pre-selection DN3a cells than in DN3b and DN4 cells, which suggested that the profound effect of IL-7 during β-selection could have been partly due to changes induced before pre-TCR expression. Nonetheless, a small group of genes were more potently induced in post-selection DN thymocytes than in other cells, which suggested that they may have been cooperatively regulated by signaling via the pre-TCR plus signaling via IL-7. Finally, deletion of Bcl6 partially restored the selfrenewal of DN4 cells in the absence of IL-7, which indicated that repression of Bcl6 is an important function of IL-7 during β-selection. Although Bcl-6 promotes the self-renewal of pre-B cells by limiting p53-induced apoptosis 15 , overexpression of human Bcl-2 did not restore DN4 cellularity in IL-7R-deficient mice. Thus, Bcl-6 probably limits the self-renewal of DN4 cells by inhibiting proliferation, perhaps by repressing the gene encoding the cell-cycle regulator c-Myc 32 rather than by simply promoting survival. Overall, our data suggest that during β-selection, IL-7 acts together with signaling via the pre-TCR and receptors of the Notch family to reprogram metabolism and translation to meet the biosynthetic demands of clonal expansion by inducing the expression of genes encoding a large number of metabolic regulators and repressing Bcl6. This prominent role for IL-7 in regulating the metabolism and proliferation of precursors of T cells probably explains why this Il7r and downstream genes are frequently mutated in T cell leukemia 33 .
Among the cell-growth regulators induced by IL-7, regulators of the PI(3)K-mTOR signaling pathway are probably particularly important for β-selection. The importance of PI(3)K signaling in β-selection was first revealed by the observation that deletion of Pten, which encodes a lipid phosphatase that counteracts PI(3)K function, greatly restores the DP thymocyte pool in mice with mutations that compromise signaling via the pre-TCR or IL-7R 34 . Pik3cd encodes the PI(3)K isoform required for β-selection 35 , and its expression was rapidly enhanced by IL-7 in both pre-β-selection thymocytes and post-β-selection thymocytes, suggestive of a positive feedback loop. The action of PI(3)K leads to activation of the kinase Akt and signaling via mTOR to increase nutrient uptake and metabolism during proliferation. However, the serum-and glucocorticoid-induced kinase SGK, rather than Akt, may control cell growth and metabolism downstream of mTOR signaling 36 . Since Sgk1 (which encodes SGK) was induced more by IL-7 in DN3b and DN4 cells than in DN3a cells, this kinase might have particularly important roles in inducing the clonal expansion of pre-TCR + cells.
Although signaling via the pre-TCR is thought to activate the enhancer E α as early as the DN4 stage 12, 37, 38 , in IL-7-sufficient mice, very little recombination of Tcra occurred until the DP stage. However, Il7 −/− DN4 cells had large amounts of primary and secondary rearrangements of Tcra, similar to the amounts in Il7 +/+ lDP cells, which indicated that IL-7 signaling might normally prevent Tcra rearrangement in DN4 thymocytes. Several possible mechanisms might underlie this role of IL-7. During B cell development, IL-7-induced STAT5 tetramers directly repress the transcription and rearrangement of the locus encoding immunoglobulin κ-chain via an epigenetic mechanism 13, 14 . However, E α does not contain consensus STAT5-binding sites, although several low-stringency motifs are present (data not shown). Furthermore, a mechanism that involves active IL-7-induced repression of Tcra rearrangement does not readily explain the differences in the abundance of Tcra rearrangements in Il7 −/− DN4 and lDP cells relative to that in Il7 −/− ISP and eDP cells.
During B cell development, signaling via the pre-BCR and signaling via IL-7 act together to downregulate expression of Rag1 and Rag2 by inhibiting transcriptions factors of the Foxo family, thus preventing variable-diversity-joining (V(D)J) recombination during pre-BCRinduced clonal expansion [39] [40] [41] . In contrast, IL-7 did not induce rapid changes in the expression of Rag1 and Rag2 in post-β-selection thymocytes npg in our study. Nonetheless, DN4 cells generated in IL-7-deficient mice had higher steady mRNA levels, which probably reflected their accelerated differentiation kinetics. We also documented that non-cycling DN4 thymocytes from IL-7-deficient mice had higher expression of RAG-2 protein than did cycling DN4 cells from IL-7-sufficient mice, consistent with decreased proteolysis of RAG-2 mediated by cyclin A and CDK2 (ref. 30) . Therefore, our data suggested that IL-7 indirectly inhibited Tcra rearrangement by promoting the proliferation of DN4 cells and degradation of RAG-2 rather than by directly repressing the expression of Rag1 and Rag2. Collectively, our study has shown that thymocyte β-selection is orchestrated by a complex interplay of signaling via the pre-TCR, Notch and IL-7R.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. GEO: microarray data, GSE63932. 
